The 5 leader of tobacco etch virus (TEV) genomic RNA directs efficient translation from the naturally uncapped viral mRNA. Two distinct regions within the TEV 143-nucleotide leader confer cap-independent translation in vivo even when present in the intercistronic region of a discistronic mRNA, indicating that the TEV leader contains an internal ribosome entry site (IRES). In this study, the requirements for TEV IRES activity were investigated. The TEV IRES enhanced translation of monocistronic or dicistronic mRNAs in vitro under competitive conditions, i.e., at high RNA concentration or in lysate partially depleted of eukaryotic initiation factor 4F (eIF4F) and eIFiso4F, the two cap binding complexes in plants. The translational advantage conferred by the TEV IRES under these conditions was lost when the lysate reduced in eIF4F and eIFiso4F was supplemented with eIF4F (or, to a lesser extent, eIFiso4F) but not when supplemented with eIF4E, eIFiso4E, eIF4A, or eIF4B. eIF4G, the large subunit of eIF4F, was responsible for the competitive advantage conferred by the TEV IRES. TEV IRES activity was enhanced moderately by the poly(A)-binding protein. These observations suggest that the TEV IRES directs cap-independent translation through a mechanism that involves eIF4G specifically.
During translation initiation, the 40S subunit of the ribosome binds to an mRNA and scans to the initiation codon, where it assembles with the 60S subunit to form the 80S ribosome, which is competent to carry out translation of the coding region. Numerous eukaryotic initiation factors (eIFs) assist in each step during the initiation process. Prior to 40S ribosomal subunit binding, eIF4E, the small subunit of eIF4F, binds to the cap structure (m 7 GpppN, where N represents any nucleotide) present at the 5Ј terminus of most eukaryotic mRNAs. eIF4G, the large subunit of eIF4F, recruits several additional initiation factors including eIF4A, which is required to remove secondary structure within the 5Ј leader sequence that would otherwise inhibit the scanning of the 40S ribosomal subunit, eIF3, which promotes 40S ribosomal subunit binding to the mRNA, and the poly(A)-binding protein (PABP), which stabilizes eIF4F binding to the 5Ј cap (16, 21, 28, 29, 30, 45) . The N-terminal domain of eIF4G is responsible for binding eIF4E and PABP, the middle domain binds eIF3 and eIF4A, and, in mammalian eIF4G, the C-terminal domain binds a second molecule of eIF4A as well as Mnk1, a mitogen-activated protein kinase responsible for phosphorylating eIF4E (15, 16, 39) . Consequently, eIF4G functions as an adapter that recruits many of the factors involved in stimulating 40S ribosomal subunit binding to an mRNA. Two related but highly distinct eIF4G proteins are expressed in plants, animals, and yeast (7, 11, 12) . The two plant eIF4G proteins, referred to as eIF4G and eIFiso4G, differ in size (165 and 86 kDa, respectively) and have 30% identity (K. Browning, personal communication), whereas mammalian eIF4GI and eIF4GII have 46% identity (12) and yeast eIF4G1 and eIF4G2 have 53% identity (11) .
How these two distinct forms of eIF4G differ functionally has not been thoroughly investigated.
The poly(A) tail serves as the binding site for PABP, which assists in the assembly of the initiation complex through a physical interaction with eIF4G, an interaction that is conserved in animals, plants, and yeast (16, 26, 28, 37, 42 ). An interaction between PABP and eIF4B, a factor that assists in the function of eIF4F, was also demonstrated in plants (26, 28) and was later confirmed in mammals (8) . The interaction between PABP and eIF4G or between PABP and eIF4B increases the poly(A)-binding activity of PABP by over 1 order of a magnitude by reducing its rate of disassociation (26, 28) and increasing the affinity of eIF4F for the 5Ј cap structure by 40-fold (45) . eIF4G and eIF4B not only individually increase the binding affinity of PABP for poly(A) RNA but also together exert a synergistic effect on PABP activity (28) , which indicates that the physical interaction between all three proteins serves to stabilize their association with their respective binding sites to increase their function during translation initiation.
Because they serve as binding sites for eIF4F and PABP, the 5Ј cap and poly(A) tail are critical in recruiting translational machinery, and, as a consequence, virtually all mRNAs are capped and polyadenylated. However, some exceptions exist: several animal and plant viral RNAs naturally lack a 5Ј cap and/or poly(A) tail. Poliovirus and encephalomyocarditis virus (EMCV) are two examples of animal picornaviruses whose genomic mRNA lacks a 5Ј cap structure. Instead, these mRNAs possess a long, structured 5Ј leader sequence that contains an internal ribosome entry site (IRES) to which the 40S ribosomal subunit is recruited (17, 33) . For EMCV, eIF4G binds to the IRES, which in turn promotes internal binding of the 40S ribosomal subunit through its interaction with eIF3 (34, 35) .
Tobacco etch virus (TEV) is a potyvirus, a member of the picornavirus supergroup of positive-strand RNA viruses, which infects plants. Like that of EMCV and poliovirus, the genomic RNA of TEV is a polyadenylated mRNA that naturally lacks a 5Ј cap structure but that is nevertheless efficiently translated. The TEV 5Ј leader is sufficient to confer cap-independent translation to an mRNA (9, 10) and is functionally analogous to a cap in that it interacts with the poly(A) tail to promote efficient translation (10) . Two centrally located cap-independent regulatory elements within the 143-base TEV 5Ј leader are required to direct cap-independent translation, and both are required to interact functionally with the poly(A) tail to promote optimal translation (31) . Although, the TEV IRES evolved to function as part of the leader sequence of a monocistronic mRNA, it also promoted translation of the 5Ј-distal (i.e., second) cistron of a dicistronic mRNA in vivo when the IRES was present in the intercistronic region; these observations indicate that the TEV 5Ј leader functions as an IRES. The mechanism underlying IRES-mediated cap-independent translation has not been investigated for TEV or any other plant virus. In this study, we identified initiation factors that are required for TEV IRES activity. Wheat germ lysate in which the endogenous levels of eIF4F and eIFiso4F were reduced (eIF4F/eIF4F-reduced lysate) recapitulated the TEV IRES-mediated enhancement of cap-independent translation in in vitro translation assays. The translational advantage conferred by the TEV IRES under these conditions was lost when the depleted lysate was supplemented with eIF4F (or, to a lesser extent, eIFiso4F) but not when it was supplemented with eIF4E, eIFiso4E, eIF4A, or eIF4B. eIF4G, the large subunit of eIF4F, was responsible for the competitive advantage conferred by the TEV IRES. TEV IRES activity was enhanced moderately by PABP. These observations suggest that the TEV IRES directs cap-independent translation through a mechanism that involves eIF4G specifically.
MATERIALS AND METHODS
mRNA constructs and in vitro RNA synthesis. The monocistronic (TEV-luc-A 50 and Con 144 -luc-A 50 ) and dicistronic (GUS-SL-TEV-luc-A 50 and GUS-SLCon 144 -luc-A 50 ) luciferase constructs that contain the 144-nucleotide (nt) TEV leader sequence or control (i.e., 144-or 134-nt) sequences and that terminate in a poly(A) 50 tract have been described previously (31) . Dicistronic constructs contained the uidA gene, encoding ␤-glucuronidase (GUS), as the 5Ј-proximal cistron and luc as the 5Ј-distal cistron. Control constructs were designed to contain a 60% AT-rich sequence that was the same length as the TEV 5Ј leader. The free energy (⌬G) calculated by the fold algorithm for the control sequence leader is Ϫ11.5 kcal/mol, which is approximately equal to the free energy of Ϫ10.7 kcal/mol of the 5Ј leader of the TEV-luc-A 50 mRNA construct (48) . A 24-bp stem-loop structure (⌬G ϭ Ϫ42.9 kcal/mol) introduced upstream of the TEV and control sequences in the dicistronic constructs was described previously (31) .
Following linearization downstream of the poly(A) 50 tract, the DNA concentration was quantitated spectrophotometrically and brought to 0.5 mg/ml. In vitro transcription was carried out as described previously (47) using a solution containing 40 mM Tris-HCl, pH 7.5; 6 mM MgCl 2 ; 100 g of bovine serum albumin/ml; 0.5 mM (each) ATP, CTP, UTP, and GTP; 10 mM dithiothreitol; 0.3 U of RNasin (Promega)/l, and 0.5 U of T7 RNA polymerase/l. All constructs used terminated in a poly(A) 50 tail. Capped RNAs were synthesized using 3 g of template in the reaction mixture described above except that GTP was used at 160 M and 1 mM m 7 GpppG was included. Under these conditions more than 95% of the mRNA is capped.
Protein purification and Western analysis. Wheat PABP (27) , eIF4F and eIFiso4F (7), eIF4B (6), eIF4A (25) , and recombinant eIFiso4G and eIFiso4E (44) were purified as described previously. The purification of eIF4G and eIF4E will be described elsewhere. Purified wheat eIF4F used in these studies contained eIF4G and eIF4E. Similarly, purified wheat eIFiso4F contained eIFiso4G and eIFiso4E. eIF4A, the third subunit of mammalian eIF4F, was not present in purified plant eIF4F and eIFiso4F.
Protein from control and depleted wheat germ lysate was resolved using standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the protein was transferred to a 0.22-m-pore-size nitrocellulose membrane by electroblotting. Following transfer, the nitrocellulose membranes were blocked in 5% milk-0.01% thimerosal in TPBS (0.1% Tween 20, 13.7 mM NaCl, 0.27 mM KCl, 1 mM Na 2 HPO 4 , 0.14 mM KH 2 PO 4 ), followed by incubation with primary antibodies diluted typically 1:1,000 to 1:2,000 in TPBS with 1% milk for 1.5 h. The blots were then washed twice with TPBS and incubated with goat anti-rabbit horseradish peroxidase-conjugated antibodies (Southern Biotechnology Associates, Inc.) diluted 1:10,000 for 1 h. The blots were washed twice with TPBS, and the signal was detected typically after between 1 and 15 min using chemiluminescence (Amersham Corp.).
In vitro translation assays. Two hundred microliters of wheat germ extract (Promega) was added to 300 l of m 7 GTP-Sepharose (Pharmacia) or 100 l of poly(A)-agarose (Sigma), and the mixture was incubated with rotation at 4°C for 30 min. The lysate was collected by centrifugation (800 ϫ g for 1 min) through a spin column (Promega) and used immediately. Depletion of eIF4G, eIF4E, eIFiso4G, eIFiso4E, eIF4A, eIF4B, eIF3, and PABP was verified by Western analysis following resolution of the extract by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. mRNA constructs were translated using complete or depleted wheat germ lysate as described by the manufacturer (Promega) except that all amino acids were unlabeled. The lysates were supplemented with recombinant initiation factors or factors purified from wheat germ extract as indicated in each experiment. The reaction mixtures were incubated for 3 h at 22°C, and 2-l aliquots were assayed for luciferase activity. Each mRNA construct was translated in triplicate, and the average value and standard deviation for each construct are reported.
Lysate was assayed in luciferase assay buffer ( 
RESULTS
Recapitulation of TEV 5-leader-mediated enhancement of cap-independent translation in vitro. The TEV 5Ј leader was shown previously to enhance cap-independent translation in vivo but not in vitro (31) , suggesting the possibility that a factor required for the function of the TEV leader might be lacking in the wheat germ lysate. However, wheat germ lysate is highly message dependent because of a low concentration of endogenous transcript and a high level of unengaged translational machinery. As a consequence, those features that increase the competitiveness of an mRNA, such as the TEV 5Ј leader, would not be expected to confer a translational advantage under the noncompetitive conditions that prevail in normal lysate. Competitive translation might be achieved by increasing the concentration of mRNA to a level that exceeds the translational capacity of the lysate or by removing the excess capacity of those factors most important in facilitating translation initiation. Both of these approaches were examined to determine whether wheat germ lysate was competent to support the TEV 5Ј-leader-mediated enhancement of cap-independent translation in vitro.
Because eIF4F (in which eIF4G and eIF4E are subunits) and eIFiso4F (in which eIFiso4G and eIFiso4E are subunits) bind m 7 GTP, the level of both factors in wheat germ lysate could be readily reduced through their binding to m 7 GTPSepharose. Western analysis confirmed that the levels of eIF4E and eIF4G and the levels of eIFiso4E and eIFiso4G were reduced by 90 to 95% (Fig. 1) . The levels of eIF4A, eIF4B, and eIF3, factors known to associate with eIF4G proteins, were also reduced, as was that of PABP, which also physically interacts with eIF4G and eIFiso4G (26, 28) . No reduction in the level of Hsp101, a control protein, was observed (Fig. 1 ).
To examine whether cap-independent translation would be stimulated by the TEV 5Ј leader in eIF4F/eIFiso4F-reduced lysate, luc mRNA with the TEV 5Ј leader (i.e., TEV-luc-A 50 ) or with a control leader of similar length (i.e., Con 144 -luc-A 50 ) was translated. The constructs were translated as capped or uncapped mRNAs, and the extent to which the reporter mRNA was translated was determined by measuring luciferase activity. Translation from uncapped TEV-luc-A 50 mRNA was 76-fold greater than that from uncapped control mRNA when the lysate was programmed with a high level of RNA ( Fig. 2A) . The degree to which the TEV 5Ј leader stimulated cap-independent translation decreased with the decrease in RNA concentration. The same uncapped mRNAs were translated in unfractionated lysate using the same range of RNA concentrations (Fig. 2C ). TEV-luc-A 50 mRNA was translated only 5.8-fold higher than that of the control at the highest RNA concentration tested, and the translational advantage conferred by the TEV 5Ј leader was lost at lower RNA concentrations. The addition of a 5Ј cap to the TEV and control mRNAs reduced the ability of the TEV 5Ј leader to promote translation by about twofold in the eIF4F/eIFiso4F-reduced and unfractionated lysates ( Fig. 2B and D , respectively). These data suggest that the TEV 5Ј leader can promote cap-independent translation in vitro but does so most under competitive conditions, e.g., when a high concentration of RNA is used and when the endogenous level of eIF4F and eIFiso4F has been reduced. The data also suggest that the presence of a 5Ј cap, the binding site of eIF4F or eIFiso4F, reduces the translational advantage conferred by the TEV 5Ј leader, suggesting functional redundancy. These observations are in good agreement with those made during in vivo translation (31) .
When present in the intercistronic region of a discistronic mRNA, the TEV 5Ј leader sequence can promote translation from the second cistron in vivo (31) , indicating that it possesses IRES activity. To examine whether the TEV IRES can function in vitro, dicistronic mRNAs were constructed such that the TEV 5Ј leader sequence or the control sequence of similar length (the same sequence as that present in the 5Ј leader of the Con 144 -luc-A 50 construct) was introduced into the intercistronic region upstream of the 5Ј-distal luc cistron. The GUS gene served as the 5Ј-proximal cistron in both constructs, and a 24-bp stem-loop structure (⌬G ϭ Ϫ42.9 kcal/mol) was introduced upstream of the intercistronic region to prevent ribosome scanning from the 5Ј terminus. The resulting uncapped mRNAs, i.e., GUS-SL-TEV-luc-A 50 and GUS-SL-Con 144 -luc-A 50 , were translated in the eIF4F/eIFiso4F-reduced lysate using a range of RNA concentrations. The TEV IRES stimulated translation from the luc cistron as a function of the RNA concentration: up to a 73-fold increase in translation from the luc cistron was observed at the highest concentration tested, whereas little stimulation was observed at the lowest concentration (Fig. 3 ). These data demonstrate that the TEV 5Ј leader sequence has IRES activity in vitro that is revealed under conditions of competitive translation.
TEV IRES activity requires eIF4G. Because the TEV IRES functionally replaces the 5Ј cap that normally serves as the binding site for eIF4F or eIFiso4F, we examined whether either of these factors was necessary for TEV IRES activity. The observation that the translation of an mRNA in eIF4F/ eIFiso4F-reduced lysate improves substantially if the mRNA contains the TEV IRES suggests that this sequence promotes the recruitment of a factor that is required for translation initiation but whose availability is limited. Consequently, restoring the factor in question to the lysate would be expected to increase expression from the mRNA lacking the TEV IRES to an extent greater than that from the mRNA containing the TEV IRES, thereby reducing the translational advantage conferred by the TEV IRES to a level similar to that observed in unfractionated lysate, as seen in Fig. 2C . Therefore, to assay the requirement for eIF4F or eIFiso4F for TEV IRES function, the same uncapped, discistronic mRNA constructs used in Fig. 3 were translated in eIF4F/ eIFiso4F-reduced lysate supplemented with either factor and their effect on the translation from each mRNA and the translational advantage conferred by the TEV IRES were determined. eIF4F and eIFiso4F purified from wheat do not contain eIF4A; therefore, the purified eIF4F used in these studies contained eIF4E and eIF4G whereas the purified eIFiso4F contained eIFiso4E and eIFiso4G. In eIF4F/eIFiso4F-reduced lysate, the TEV IRES increased translation from the 5Ј-distal luc cistron in GUS-SL-TEV-luc-A 50 mRNA 48-fold relative to that from the GUS-SL-Con 144 -luc-A 50 control mRNA ( Western analysis was performed to determine the levels of eIF4G, eIF4E, eIFiso4G, eIFiso4E, eIF4A, eIF4B, eIF3, and PABP relative to that of unfractionated lysate. Western analysis of heat shock protein Hsp101 was performed as a control.
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TEV REQUIRES eIF4G FOR TRANSLATION 12143 control ( Fig. 4A ) and TEV ( Fig. 4B ) constructs; however, expression from the control construct increased disproportionately as competition for eIF4F was relieved. Consequently, the translational advantage conferred by the TEV IRES was reduced in a dose-dependent manner (Fig. 4C ). In contrast, although supplementation with eIFiso4F increased expression from both mRNAs, it did so equally for both ( Fig. 4A and B) and therefore had little effect on TEV IRES activity (Fig. 4C ). These data suggest that the TEV IRES recruits eIF4F when the factor is present in limited amounts but that the translational advantage conferred by the TEV IRES is lost when the concentration of eIF4F is no longer limiting. eIF4A and eIF4B were included in the above assays as they increase the activity of eIF4F and eIFiso4F. To examine whether they are required for TEV IRES activity, the TEV and control dicistronic mRNAs were translated in eIF4F/eIFiso4F-reduced lysate supplemented with either factor individually or with both factors in combination (Fig. 5) . Supplementation of the depleted lysate with 16 nM eIF4F (which lacks eIF4A) increased expression from the TEV and control mRNAs but did so preferentially for the control mRNA. Consequently, the addition of eIF4F reduced the translational advantage conferred by the TEV IRES from a level of a 167-fold enhancement of translation (in the absence of added eIF4F) to just 14-fold enhancement (in the presence of added eIF4F), demonstrating that eIF4F alone is sufficient to relieve the translational advantage conferred by the TEV IRES. In contrast, addition of 40 nM eIFiso4F (which lacks eIF4A) did not reduce the translational advantage conferred by the TEV IRES   FIG. 2 . The TEV IRES confers a translational advantage in vitro under competitive conditions. eIF4F/eIFiso4F-reduced (A and B) and unfractionated (C and D) wheat germ lysate was programmed with Con 144 -luc-A 50 (i.e., control) or TEV-luc-A 50 (i.e., TEV) mRNAs. The constructs were translated as uncapped (A and C) or capped (B and D) mRNAs at the indicated concentrations. The degree to which each mRNA was translated was determined by luciferase assays. Luciferase activity is indicated as the average (from 2 l of lysate) of three translation reactions with the standard deviation for each construct shown. The degree to which the presence of the TEV 5Ј leader increased translation relative to the control (i.e., fold increase) is indicated below each pair of mRNAs for each concentration tested.
FIG. 3. The TEV IRES directs internal initiation in vitro under
competitive conditions. eIF4F/eIFiso4F-reduced wheat germ lysate was programmed with uncapped control (i.e., GUS-SL-Con 144 -luc-A 50 ) or uncapped TEV IRES-containing (i.e., GUS-SL-TEV-luc-A 50 ) dicistronic constructs at the concentrations indicated below the histograms. Luciferase activity is reported as the average (from 2 l of lysate) of three translation reactions with the standard deviation for each construct shown. The degree to which the presence of the TEV 5Ј leader increased translation relative to the control (i.e., fold increase) is indicated below each pair of mRNAs for each concentration tested. (Fig. 5C ). Addition of either eIF4A or eIF4B increased translation from both mRNAs but, as with eIF4F, they increased translation from the control mRNA disproportionately. Thus, addition of eIF4A or eIF4B alone reduced the translational advantage conferred by the TEV IRES by approximately twofold and the combination of eIF4A or eIF4B with eIF4F reduced the translational advantage conferred by the TEV IRES to a level of just sixfold enhancement of translation (Fig. 5C ). Any combination of eIF4A, eIF4B, and eIFiso4F had only a moderate effect on the translational advantage conferred by the TEV IRES. These results suggest that eIF4A or eIF4B plays a moderate role in the function of the TEV IRES. However, the degree to which they are required cannot be fully assessed as a moderate level of each factor remains in the lysate following binding to m 7 GTP-Sepharose (Fig. 1 ). To determine which subunit of eIF4F, i.e., eIF4E or eIF4G, is required for TEV IRES function, the TEV and control dicistronic mRNAs were translated in eIF4F/eIFiso4F-reduced lysate supplemented with recombinant eIF4E or eIF4G. Addition of eIF4G reduced the translational advantage conferred by the TEV IRES from a level of an 82-fold enhancement of translation (in the absence of added eIF4G) to just 11-fold enhancement (in the presence of added eIF4G) (Fig. 6C) , demonstrating that eIF4G alone (i.e., in the absence of eIF4E) is sufficient for TEV IRES function. In contrast, the addition of recombinant eIFiso4G had little effect on TEV IRES function FIG. 4. eIF4F but not eIFiso4F mediates TEV IRES function in a dicistronic mRNA. eIF4F/eIFiso4F-reduced wheat germ lysate was programmed with uncapped GUS-SL-Con 144 -luc-A 50 mRNA (A) or uncapped GUS-SL-TEV-luc-A 50 mRNA (B) and was supplemented with the indicated amounts of eIF4F or eIFiso4F. eIF4A was included at a ratio of 1:70 (for eIF4F assays) or 1:30 (for eIFiso4F assays). eIF4B was included at a ratio of 1:4 (for eIF4F assays) or 1:1.6 (for eIFiso4F assays). Each mRNA construct was translated in triplicate, and the average value and standard deviation for each construct are reported. Luciferase expression is indicated as light units from 2 l of translation lysate. (C) Degree to which the TEV IRES stimulated translation relative to the control construct. (Fig. 6C) , a result that is in good agreement with the lack of effect on TEV IRES activity exhibited by eIFiso4F (Fig. 4C) . Supplementation of the lysate with recombinant eIF4E or eIFiso4E also had little effect on TEV IRES function (Fig. 7C) , although both factors inhibited expression from both the control and TEV-containing mRNAs somewhat at a high molar concentration ( Fig. 7A and B) . Exogenous TEV IRES RNA sequesters eIF4G. If the TEV 5Ј leader confers a competitive translational advantage to an mRNA by virtue of its greater ability to recruit a general translation initiation factor such as eIF4G, the presence of the TEV IRES RNA in trans in a translation lysate would be expected to result in the sequestration of the factor and in a reduction in the translation of all mRNA constructs but should affect most those mRNAs least competent to recruit the factor. To test this prediction, the effect of TEV IRES RNA supplied in trans on the translation of 0.67/l ng of uncapped TEV-luc-A 50 and uncapped Con 144 -luc-A 50 mRNAs in unfractionated lysate was examined. In unfractionated lysate, the TEV-containing and control mRNAs were translated to similar extents in the absence of exogenous TEV IRES RNA (Fig. 8) , results that are in good agreement with those presented in Fig. 2C for these mRNAs at the same concentration. Addition of TEV IRES RNA reduced expression from both mRNAs, but translation from Con 144 -luc-A 50 mRNA was reduced up to 10-fold more by the TEV IRES RNA than was translation from TEVluc-A 50 mRNA (Fig. 8) . These data indicate that the TEV IRES RNA sequesters a factor that is required for the translation of mRNAs whether or not they contain the TEV 5Ј leader. Moreover, the disproportionate reduction in translation observed for the control mRNA following addition of the TEV IRES RNA and sequestration of the factor suggests that an uncapped mRNA without the TEV 5Ј leader competes less efficiently for the factor. The TEV IRES is active in lysate depleted of PABP. Because PABP interacts with eIF4G and eIFiso4G (16, 26, 28, 37, 42) , recruits eIF4G to an mRNA in the absence of a cap or functional eIF4E (the cap-binding subunit of eIF4F) (38, 43) , and promotes translational initiation both in cis and in trans (32), we examined whether reducing the concentration of PABP present in lysate would affect the extent to which the TEV 5Ј leader sequence functions to stimulate cap-independent translation. Lysate was depleted of PABP following incubation with poly(A)-agarose. The reduction in PABP was confirmed by Western blotting (Fig. 1) . Because eIF4G, eIFiso4G, and eIF4B also bind poly(A) RNA, albeit with a lower affinity than does PABP, and because PABP interacts with eIF4G, eIFiso4G, and eIF4B, which in turn interact with eIF4A and eIF3, the levels of these initiation factors were expected to be reduced following incubation with poly(A)-agarose; this was also confirmed by Western analysis (Fig. 1) . No reduction in the control protein, Hsp101, was observed (Fig. 1) .
To examine the activity of the TEV 5Ј leader in the PABPreduced lysate, monocistronic TEV-luc-A 50 and the control construct, Con 144 -luc-A 50 , were translated over a range of RNA concentrations (Fig. 9A) . Translation from uncapped TEV-luc-A 50 mRNA was up to 95-fold greater than that from uncapped control mRNA when the lysate was programmed with a high level of RNA (Fig. 9A) . As was observed in eIF4F/eIFiso4F-reduced lysate, the degree to which the TEV 5Ј leader stimulated cap-independent translation decreased with a reduction in RNA concentration. The TEV and control dicistronic mRNA constructs used in Fig. 3 were then translated in the PABP-reduced lysate to determine whether internal initiation could be promoted by the TEV IRES. In the PABP-reduced lysate, the TEV IRES increased internal initiation up to 79-fold relative to that for the control mRNA (Fig. 9B) . These data suggest that a reduction in PABP (as well as the partial reduction in eIF4F and eIFiso4F as shown in Fig. 1) increases the extent to which the TEV IRES promotes translation. eIF4F is sequestered by TEV IRES RNA present in trans. To determine whether the translational advantage conferred by the TEV 5Ј leader in the PABP-reduced lysate was a result of competition for eIF4F, monocistronic TEV-luc-A 50 mRNA and the control, Con 144 -luc-A 50 mRNA, were translated in PABP-reduced (and eIF4G/eIFiso4G-reduced) lysate in a series of reactions in which the concentration of eIF4F was raised by adding purified eIF4F. The ratio of expression from the TEV-containing mRNA to that from the control mRNA (i.e., fold increase in expression conferred by the TEV IRES when present as the 5Ј leader) was calculated and displayed as the histograms in Fig. 10A . Without the addition of purified eIF4F, the presence of the TEV-IRES increased translation 20-fold (Fig. 10A, left histogram) . Addition of eIF4F reduced the translational advantage conferred by the TEV IRES to just 3.2-fold enhancement at 16 nM eIF4F (Fig. 10A ). This was a result of a preferential increase in translation from the control construct (data not shown). Translation of capped and uncapped Con 144 -luc-A 50 mRNAs in the PABP-reduced lysate was performed in parallel, yielding similar results for the function of the 5Ј cap (Fig. 10C) . The presence of the 5Ј cap increased translation 10-fold (Fig. 10C, left histogram) . Addition of eIF4F reduced the translational advantage conferred by the cap to just a 1.2-fold enhancement at 16 nM eIF4F (Fig.   FIG. 8 . TEV IRES RNA inhibits translation when present in trans. Unfractionated wheat germ lysate was programmed with uncapped TEV-luc-A 50 (A) or uncapped Con 144 -luc-A 50 (B) mRNAs at a concentration of 0.67 ng/l. TEV IRES RNA was added in trans to each lysate at the indicated molar ratio, and the degree to which each mRNA was translated was determined by luciferase assays. Luciferase activity is indicated as the average (from 2 l of lysate) of three translation reactions, with the standard deviation for each construct shown. The degree to which an mRNA was translated relative to expression from the mRNA in lysate containing no TEV IRES RNA is indicated as a percentage.
FIG. 9.
The TEV IRES confers a translational advantage to monocistronic and dicistronic mRNAs in vitro under competitive conditions. PABP-reduced wheat germ lysate was programmed with uncapped Con 144 -luc-A 50 (i.e., control) or uncapped TEV-luc-A 50 (i.e., TEV) mRNAs (A) and with uncapped control (GUS-SL-Con 144 -luc-A 50 ) or TEV IRES-containing (GUS-SL-TEV-luc-A 50 ) dicistronic mRNAs (B) at the concentrations indicated, and the degree to which each mRNA was translated was determined by luciferase assays. Luciferase activity is indicated as the average (from 2 l of lysate) of three translation reactions, with the standard deviation for each construct shown. The degree to which the presence of the TEV IRES increased translation relative to that for the control (i.e., fold increase) is indicated below each pair of mRNAs for each concentration tested.
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on September 21, 2017 by guest http://jvi.asm.org/ 10C), which resulted from a preferential increase in the translation of the control construct (data not shown). To determine whether eIF4F was sequestered when TEV IRES RNA was supplied in trans, uncapped, monocistronic TEV-luc-A 50 and control mRNAs were translated in PABPreduced lysate in the presence of TEV IRES RNA supplied in trans. To determine whether eIF4F was sequestered by the TEV IRES RNA, increasing amounts of purified eIF4F were added to the lysate. The ratios of expression from the TEVcontaining mRNA to that from the control mRNA were calculated and displayed as the histograms in Fig. 10B . Without the addition of purified eIF4F, TEV IRES RNA supplied in trans in a 5-fold molar excess relative to the test mRNAs resulted in a level of translation from the TEV-luc-A 50 mRNA that was 90-fold greater than that from the control mRNA (Fig. 10B, left histogram) . This is substantially higher than the level of TEV IRES-mediated stimulation observed when no TEV IRES RNA was added in trans (Fig. 10A) and was due to a preferential reduction in translation from the control mRNA (data not shown), as was seen in Fig. 8 . The increase in the ratio of expression from the TEV-containing mRNA relative to that from the control mRNA in the presence of TEV IRES RNA is consistent with the sequestration of a general translation factor by the TEV IRES for which the TEV-containing mRNA, but not the control mRNA, can effectively compete.
Addition of eIF4F reduced the ratio of the expression from TEV-luc-A 50 mRNA to that from control mRNA from the 90-fold observed in the absence of added eIF4F to just 6.6-fold in the presence of 16 nM eIF4F (Fig. 10B) , which was a greater reduction (90-fold reduced to 6.6-fold) than that observed for lysate not containing the TEV IRES in trans (20-fold reduced to 3.2-fold; Fig. 10A ).
Similar observations were made for the effect on 5Ј cap function when capped and uncapped Con 144 -luc-A 50 mRNAs were translated in the PABP-reduced lysate in the presence or absence of TEV IRES RNA in trans. The ratio of translation expression from capped mRNA to that from uncapped mRNA was calculated and displayed as the histograms in Fig. 10C and D. Addition of TEV IRES RNA in trans increased the extent to which the 5Ј cap enhanced translation from 10-fold in the absence of TEV IRES RNA (Fig. 10C, left histogram) to 58-fold in the presence of TEV IRES RNA (Fig. 10D, left  histogram) . The increase in cap dependency resulted from a preferential inhibition of translation from the uncapped mRNA (data not shown). This observation suggests that the TEV IRES RNA and the 5Ј cap compete for the same factor and that an uncapped mRNA competes only poorly for the factor. When TEV IRES RNA was present in trans, addition of eIF4F reduced the ratio of translation expression from capped mRNA to that from uncapped mRNA from the 58-fold observed in the absence of added eIF4F to 0.3-fold in the presence of 16 nM eIF4F (Fig. 10D) , which was a greater reduction than that observed for lysate not containing the TEV IRES in trans (10-fold reduced to 1.2-fold; Fig. 10C ). These data demonstrate that the effect of TEV IRES RNA supplied in trans has similar effects on cap-and TEV IRES-mediated translation in that it increased the translational advantage conferred by each and that their advantage was relieved by the addition of eIF4F. Consequently, the TEV IRES and the cap are functionally similar in that each confers a translational advantage to an mRNA under competitive translation conditions which is relieved when eIF4F is no longer limiting.
In contrast to eIF4F, eIFiso4F did not affect the function of the TEV IRES when this sequence was present in the intercistronic region of a dicistronic mRNA as shown in Fig. 4 . However, eIFiso4F is more 5Ј end dependent than is eIF4F in its functional interaction with mRNAs (9a). To determine whether eIFiso4F was sequestered when TEV IRES RNA was supplied in trans, the same translation assays described for Fig.  10 were carried out using eIFiso4F instead of eIF4F for the supplementation. As in the previous experiment, the presence of TEV IRES RNA in trans increased the translational advantage exhibited by the TEV-luc-A 50 mRNA 52-fold relative to that for the control mRNA (Fig. 11B) , which was greater than that observed in the same lysate lacking TEV IRES RNA in trans (Fig. 11A, left histogram) . When TEV IRES RNA was present in trans, addition of eIFiso4F reduced the ratio of the expression of TEV-luc-A 50 mRNA to that of control mRNA from the 52-fold observed in the absence of added eIFiso4F to 18-fold in the presence of 40 nM eIFiso4F (Fig. 11B) , which is a degree of reduction similar to that observed for lysate not containing the TEV IRES in trans (22-fold reduced to 9.4-fold; Fig. 11A ). These data suggest that when the TEV IRES is present in a 5Ј-proximal position, eIFiso4F can partially relieve the translational advantage that it confers to an mRNA; how- Purified eIF4F was added in increasing amounts to the reaction mixtures. The histograms show the ratios of expression from the capped mRNA to that from uncapped mRNA (i.e., fold increase in expression conferred by the 5Ј cap). eIF4A was included at a ratio of 1:70 and eIF4B was included at a ratio of 1:4 for the reactions in all panels. ever, it is not as effective as eIF4F in this regard. Similar results were obtained when the ratio of the expression of capped mRNA to that of uncapped mRNA was examined (Fig. 11C  and D) .
PABP stimulates TEV IRES function. Although the TEV IRES can promote cap-independent translation of a nonpolyadenylated mRNA, the presence of a poly(A) tail enhances its function (10, 31) , an observation suggesting a functional interaction between the TEV IRES and PABP. To examine whether the presence of PABP might affect TEV 5Ј leader activity, monocistronic TEV-luc-A 50 and control mRNAs were translated in the PABP-reduced lysate supplemented with increasing amounts of purified PABP (Fig. 12) . In the absence of PABP, translation from uncapped, monocistronic TEV-luc-A 50 mRNA was 21-fold greater than that from the uncapped, control mRNA (Fig. 12C) . The addition of PABP increased translation from the control (Fig. 12A ) and TEV-containing ( Fig.  12B) mRNAs; however, translation from the TEV-luc-A 50 mRNA benefited most from the increased availability of PABP. Consequently, the degree to which the TEV IRES enhanced translation increased to 52-fold in the presence of 92 nM PABP (Fig. 12C) . Similar observations were made for the function of the 5Ј cap: capped Con 144 -luc-A 50 mRNA was translated 8.4-fold greater than uncapped Con 144 -luc-A 50 mRNA in the PABP-reduced lysate. Addition of PABP increased translation from uncapped (Fig. 12D) and capped (Fig. 12E ) mRNAs but did so most from the capped construct, thereby increasing the translational advantage conferred by the cap such that the 5Ј cap stimulated translation 19-to 22-fold in the presence of 34 to 45 nM PABP (Fig. 12F) . These data illustrate that PABP can stimulate the function of the TEV IRES as it does for a 5Ј cap. Because PABP stabilizes the binding of eIF4F to a 5Ј cap (45) , PABP is expected to increase the function of the cap in promoting translation. The stimulatory effect of PABP on the function of the TEV IRES may also be a consequence of PABP stabilizing the functional interaction between eIF4F and the TEV leader sequence. Note that at the higher concentrations of PABP (e.g., 137 nM), the stimulation of translation from the capped mRNA afforded by PABP was less than that observed at lower PABP concentrations (e.g., 34 to 45 nM), which was not observed for the uncapped mRNAs. The lower stimulation of capped mRNA translation may represent PABP that is in excess (relative to the binding capacity of the input mRNA), which may compete with the bound PABP for other factors (such as eIF4F) needed for translation, resulting in an apparently lower level of stimulation. The fact that the mRNA containing the TEV IRES is not similarly affected suggests that it may very efficiently recruit eIF4F, thus rendering the mRNA less susceptible to the effect of excess PABP.
DISCUSSION
TEV, like animal picornaviruses, naturally lacks a 5Ј cap, the binding site for eIF4F. Despite what would appear to be a handicap, the genomic mRNA of TEV is efficiently translated by means of a 5Ј leader sequence that recruits the translational machinery in the absence of a cap. In addition to the 5Ј leader, a virus-encoded protein (Vpg) that is covalently attached to the 5Ј terminus of TEV or turnip mosaic virus (a potyvirus similar to TEV) genomic RNA has been shown to interact with eIF4E or eIFiso4E, respectively (41a, 46) although the consequence of this for viral translation remains unknown. The TEV 5Ј leader does not require Vpg to confer cap-independent translation, as it enhances translation in the absence of any viral protein. In addition to conferring cap-independent translation, the TEV 5Ј leader promotes internal initiation (31) , an observation demonstrating that IRES elements are present in plant viral mRNAs and that plant ribosomes, like those of animals, are capable of internal initiation. In this study, we investigated which initiation factors are required for TEV IRES function and found that eIF4G plays as central a role in the function of the TEV IRES as it does for the IRES elements of animal picornaviruses, such as EMCV, foot-and-mouth disease virus, and Theiler murine encephalomyelitis virus (19, 20, 34, 35, 36) .
The EMCV IRES promotes 40S ribosomal subunit binding, in part by the ability of eIF4G to bind to a defined region within the IRES (20, 34, 35) . The binding of eIF4G to the IRES is considered a prerequisite for the recruitment of eIF3, which in turn promotes 40S ribosomal subunit binding. Interestingly, infection by several picornaviruses, such as poliovirus, results in cleavage of mammalian eIF4GI and eIF4GII (13) . Cleavage of eIF4G removes the N-terminally located eIF4E-binding site, inhibiting the participation of the cleaved eIF4G in cap-dependent translation. However, the C-terminal region of eIF4G, which is released by the cleavage event, contains the binding sites for eIF3 and eIF4A and is sufficient for EMCV IRES function (35) . As little as the central one-third of eIF4G has been shown to be sufficient for specific binding to the EMCV IRES (35) . However, cleavage of eIF4G is not essential for it to mediate translation from the an IRES. Indeed, no cleavage of eIF4G occurs following infection by hepatitis A virus (HAV) or EMCV (reviewed in reference 3), and the IRES present in HAV requires intact eIF4G for its function (4) . Whether TEV employs a strategy similar to that of poliovirus, in which eIF4G is targeted for cleavage following infection, or one more similar to that of EMCV or HAV, in which eIF4G is not cleaved, remains to be determined. In several aspects, the TEV IRES differs substantially from those of animal picornaviruses in that it is shorter and less structured and contains no AUG triplets upstream of the initiation codon. This might suggest that the functional interactions between the plant IRES and the translational machinery are simpler than those required in animal cells. However, the region of the EMCV IRES that is responsible for eIF4G binding (34, 35) is similar in length to the TEV IRES (31) . The greater structural complexity of the picornavirus IRESs may be involved in aspects of the viral life cycle in ways that have not yet been elucidated. The TEV IRES promoted cap-independent translation and internal initiation in wheat germ lysate, demonstrating that the IRES is capable of functioning in vitro. However, IRES function was observed only at higher mRNA concentrations (Ͼ13 ng/l) or when the endogenous levels of eIF4F and eIFiso4F in the lysate had been reduced. These results indicate that the TEV IRES confers a translational advantage only under conditions of competitive translation. Similar observations were made for the 5Ј cap: the stimulatory effect of a cap was greatest at high mRNA concentrations (9a) or in lysate in which the level of the translational initiation machinery had been reduced. It should be noted that the depletion of eIF4F and eIFiso4F from the lysate was not complete, as a low level of each factor remained following depletion (Fig. 1) , which provided the basis for the increase in cap dependency observed for the depleted lysate ( Fig. 10C and 11C ). These results suggest that the TEV IRES efficiently recruited, either directly or indirectly, a trans-acting factor(s) involved in general transla- tion which is present in excess in unfractionated lysate but which is limiting in depleted lysate. When the factor is present in excess, those elements such as a 5Ј cap or the TEV IRES are not able to confer a translational advantage to an mRNA. Therefore, the translational advantage conferred by a 5Ј cap or the TEV IRES under conditions of competitive translation where the factor is present in limiting amounts would be increasingly reduced as the concentration of the limiting factor is increased. By supplementing depleted lysate with initiation factors alone or in combination, the eIF4G subunit of eIF4F was identified as the factor responsible for TEV IRES function. eIF4G is a subunit of eIF4F the latter of which exhibited an effect on TEV IRES activity similar to that observed for eIF4G, suggesting that the viral mRNA may utilize eIF4G either alone or when present as part of eIF4F. Little or no effect on TEV IRES function was observed when eIF4A or eIF4B was tested either alone or in combination, suggesting that the effect exhibited by eIF4G was specific to that factor. However, eIF4A and eIF4B increased the effectiveness of eIF4G, particularly when eIF4G was present as part of eIF4F. eIF4A and eIF4B have been shown to stimulate the RNAdependent ATPase and ATP-dependent RNA-unwinding activities of eIF4F (1, 2, 5, 14, 18, 22, 23, 24, 40, 41) . The binding of mammalian eIF4G to the EMCV IRES was strongly stimulated by eIF4A and eIF4B, and both were required for the formation of the 48S initiation complex (34, 35) , observations that are consistent with the ability of plant eIF4A and eIF4B to increase the effectiveness of eIF4G in mediating TEV IRES function during translation. The observation that the addition of exogenous eIF4A stimulated, but was not essential for, the eIF4G-mediated function of the TEV IRES may be due to the level of eIF4A that remained in lysates following depletion of eIF4F and eIFiso4F or PABP.
Two eIF4G proteins are expressed in plants, animals, and yeast and are only 30, 46, and 53% conserved within these groups, respectively (K. Browning, personal communication; 11, 12) , suggesting the possibility that they have functionally specialized. In plants, eIF4G (as part of eIF4F) exhibits a greater ability to facilitate translation from nonstandard mRNAs, i.e., those that contain secondary structure proximal to the 5Ј cap, those that lack a cap, and those that contain more than one cistron (9a). In contrast, eIFiso4G (as part of eIFiso4F) functions optimally in supporting translation from capped, monocistronic mRNAs. These observations may explain why eIF4F and not eIFiso4F mediated TEV IRES function when this sequence was present in the intercistronic region of a dicistronic mRNA. When the IRES was present as the 5Ј leader, supplementation with eIFiso4F partially reduced the translational advantage conferred by the TEV sequence although to a much lesser extent than that observed for eIF4F, particularly when the molar concentration of each factor is considered. When this is done, eIF4F was approximately 1 order of magnitude more effective in mediating TEV IRES function than was eIFiso4F when the IRES was present as the 5Ј leader of an uncapped mRNA. These observations suggest that the translational strategy of the TEV IRES may have evolved to exploit the greater ability of eIF4F to promote internal initiation and cap-independent translation. The observation that the TEV IRES can functionally discriminate between the two divergent plant eIF4G proteins, at least in vitro, raises the possibility that animal picornavirus IRES elements might exhibit a preference for one of the two eIF4G proteins that are expressed in animals.
Depletion of PABP increased the cap dependency of the lysate. It should be noted that depletion of PABP resulted in a reduction in the level of eIF4F and eIFiso4F, presumably through their interaction with PABP, as observed previously (26) . PABP at a concentration of 34 to 45 nM stimulated cap function, whereas concentrations higher or lower than this reduced the competitive advantage that a cap conferred to an mRNA (Fig. 12F) . These data suggest that PABP at an appropriate concentration is required for full function of the cap. Similarly, TEV IRES function was stimulated by 45 to 137 nM PABP (Fig. 12C) , data indicating that although the TEV IRES can function when the concentration of PABP is low, PABP at an appropriate concentration is necessary for full TEV IRES function. This result is in good agreement with our previous observation that, although the TEV IRES can enhance translation from a poly(A)
Ϫ mRNA, its function is stimulated by the presence of a poly(A) tail (10) . Analysis of the TEV IRES had revealed two sequence elements required for cap-independent translation (31) . The combinatorial effect of the two elements on cap-independent translation was multiplicative and dependent on the poly(A) tail. This observation and the fact that PABP was required for full IRES function in vitro suggest that PABP may assist in the recruitment of eIF4G to the IRES. This is analogous to the effect that the interaction of PABP has on the ability of the 5Ј cap to recruit eIF4F. PABP interacts with eIF4G (16, 26, 28, 37, 42) , which results in an increase in the affinity of eIF4F for the 5Ј cap structure as well as an increase in the binding affinity of PABP for poly(A) RNA (28, 45) , suggesting that the physical interaction between PABP and eIF4F serves to stabilize their binding to their respective binding sites. Whether eIF4G binds directly to the TEV IRES or requires other initiation factors such as eIF4A and eIF4B, as is the case for the mammalian EMCV IRES (34, 35) , or PABP remains to be determined. It is also possible that recruitment of eIF4G to the TEV IRES requires the assistance of a transacting factor similar to the requirement for polypyrimidine tract-binding protein (PTB) for Theilers' murine encephalomyelitis virus or the requirement for PTB and the IRES transacting factor 45 (ITAF45) protein for foot-and-mouth disease virus (36) . These trans-acting factors may promote the binding of eIF4G directly or act as RNA chaperones that maintain the structure of the IRES in a conformation that facilitates optimal eIF4G binding. Identification of those proteins that bind to the TEV IRES will be necessary to determine which picornavirus translational strategy this plant member of the supergroup has adopted for its own expression.
